Abstract. The main goals of this study were to (i) establish Landsat enhanced thematic mapper plus (ETM+) and moderate resolution imaging spectroradiometer (MODIS) spectral bands best suited for land use -land cover (LULC) class separability, and (ii) study the role of the timing of imagery best suited for LULC class mapping. The study was carried out in the lower portion of the Uda Walawe River basin of southern Sri Lanka. The expansion of irrigated agriculture in this basin has resulted in several distinct changes in the LULC classes and their distribution. The area is dominated by agriculture, plantations, chena (slash and burn) lands with various types of natural vegetation such as degraded forests and scrubland, and wetlands with recently developed irrigation canals and tanks. The results showed that the two shortwaveinfrared (SWIR) bands of Landsat ETM+ (bands centered at 1.650 and 2.220 µm) and MODIS (2.130 and 1.640 µm) and the thermal band (11.450 µm) of Landsat ETM+ were most sensitive in separating an overwhelming proportion of the 15 LULC classes studied. However, other bands, though not as powerful as thermal or SWIR bands, by themselves, often play a vital role in separating certain specific LULC classes that are not easily separable by thermal and (or) SWIR bands. The MODIS monthly time series showed that the timing of the imagery was crucial in the separability of LULC classes. An overwhelming proportion of the classes were separated from one another using the data for the two wettest months (November and December) and the driest month (July). All 15 LULC classes were separable using the three wettest months (November, December, and January) and the two driest months (June and July).
Background and rationale
The effects of land cover conversion with significant changes can affect hydrological (Williams and Melack, 1997) and biological processes (Holscher et al., 1997) . Monitoring the locations and distributions of land cover changes is important for establishing linkages between policy decisions, regulatory actions, and subsequent land-use activities (Jones et al., 1997; Biradar et al., 2004; Lunetta et al., 2006) . Numerous techniques have been demonstrated for thematic change analysis using remote sensing data (Singh, 1989; Coppin and Bauer, 1996; Jensen, 1996) , and these might be applicable for change detection (Singh, 1989; Stow et al., 1996) and allow the identification of major processes of change and, by inference, the characterization of land-use dynamics (Lambin and Ehrlich, 1997; Mertensl and Lambin, 1999; Biradar et al., 2003) . Land cover composition and change are important factors that affect ecosystem conditions and functions. The use of satellite-based remote sensor data has been widely applied to provide a cost-effective means to develop land cover over large geographic regions (Lunetta et al., 2006) .
To date, most research studies have recognized and used the entire set of bands in a sensor for land use -land cover (LULC) studies. However, there is limited information available to understand which Landsat enhanced thematic mapper plus (ETM+) spectral bands and moderate-resolution imaging spectroradiometer (MODIS) time-series months are best suited for LULC mapping, and whether there is a need to use each and every band and (or) month. Identification of optimal bands and months for mapping and characterization of LULC classes, by dropping redundant bands-months, is the most effective course of action. Also, the satellite sensor data at various time periods can never be guaranteed from any one sensor, given the availability of cloudfree images in humid tropical regions. The combination of sensor types and time series provides a better option to overcome the limitation of the data gap due to cloud cover, reduces data volumes, and provides optimal data for processing.
This research was conducted at the Uda Walawe left bank irrigation extension project in Sri Lanka. The expansion of irrigated agriculture in the Uda Walawe area has resulted in several distinct changes in the LULC classes and their distribution. An important component of the local biodiversity conservation and management was the delineation and mapping of LULC classes for preservation and restoration (Biradar et al., 2003; Garono et al., 2003) . Developmental activities such as land clearing and expansion of irrigated agriculture have dramatically altered both distribution and conditions of the original LULC classes in the region. The influence of irrigated agriculture in the Uda Walawe left bank extension area can be observed almost everywhere. More than half of the landscape of Uda Walawe has been cleared for irrigated agriculture, resulting in a number of distinct LULC classes.
The primary objective of this research was to establish the best spectral bands from Landsat ETM+ and MODIS images for mapping distinct LULC classes. The secondary objective was to determine the optimum timing of MODIS data acquisition.
Irrigation projects in the study area started at the end of 2001 and became operational at the end of 2003. The LULC class separability analysis and mapping were done prior to and after commissioning of the irrigation projects based on 2001 and 2003 Landsat ETM+ images. Similarly, coarse-resolution MODIS 500 m 8-day surface reflectance time series from 2002 to 2003 were used to study the optimum bands, and the same data were used to generate monthly maximum value composites (MVCs) using a time series normalized difference vegetation index (NDVI) to determine the best months for LULC class separability.
Methods

Study area
The study area lies in the lower portion of the Uda Walawe River basin of southern Sri Lanka at an elevation ranging from over 90 m to sea level on the southern coast (Figure 1) . Precipitation varies significantly in the basin from over 3000 mm in the northern tip to around 1000 mm along the seashore. The average temperature in the area is about 28°C (Shortt, 2001 ). The area is dominated by agriculture and includes plantations (banana and coconut), forestation, and chena land. Irrigation is practised in the fragmented areas through diversion of small streams in the highlands and by small tanks and reservoirs in the plains (Molle et al., 2003) . The construction of the left bank irrigation system has enabled farmers to cultivate during both the main cropping season called maha, from October to February, and the secondary cropping season called yala, from April to August. The irrigated fields serve mainly for cultivation of cash crops. The main crop grown is rice, with sugarcane in fragmented patches. In the home gardens -croplands with orchards, fruits and vegetables are grown for consumption by the farmers themselves.
Data
Satellite remote sensing data
The study used coarse-resolution MODIS surface reflectance 8-day level 3 at 500 m pixel resolution images (MOD09A1, version 3) for the period 2001-2003 and medium-resolution Landsat ETM+ satellite images, whose characteristics are listed in Table 1 . Landsat ETM+ at 30 m pixel resolution images for 14 March 2001 (before the irrigation project) and 5 April 2003 (after the irrigation project) were used for classification and spectral band separability analysis. The anomalies associated with MODIS data, such as atmospheric effects and clouds, were eliminated in the level-3 8-day composites (MOD09A1, version 3), and maximum value composites were composed for further enhancement of the time-series images by removing any traces of ambiguous pixels. In addition, 8-day and monthly MODIS time series NDVI maximum value composite (MVC) value data at 500 m resolution for the years 2001-2003 were used for time-series (phenology) analysis and spectral signature extraction to identify the best month for separating LULC class types (see processing techniques in Thenkabail et al., 2005 
Ground-truth data
Ground-truth data were collected from the field campaign from 3 to 7 May 2004. Ground-truth data from the previous field campaigns (see www.iwmidsp.org) by IWMI researchers were also used to extract information for the years 2001 and 2003. The overall sample size of groundtruth data for the 15 key LULC classes in the study area is shown in Table 2 . During ground-truthing, information was collected on LULC class conditions, cover density for mapping, and separability analysis. The ground-truth data were organized in standard format (www.iwmidsp.org) and used in LULC class identification and labeling as per the procedures described in Thenkabail et al. (2004; . Class labels were assigned in the field using a system that allows merging to a higher class or breakdown into a distinctly unique class in a hierarchical format, based on the land cover percentage taken at each location. The precise locations of the global positioning system (GPS) points referring each point detail were catalogued and linked in Arc View (Environmental Systems Research Institute, Inc., 2000) to ease information access (Figure 2) . The data include latitude, longitude (in World Geodetic System 1984 (WGS 84) datum), altitude, LULC class, land-cover type (percentages of trees, shrubs, grasses, etc.), canopy density, irrigation system, and digital photographs at every groundtruth location. Altogether, 300 ground-truth points were collected using the stratified random sampling design. Similar classes and closely related classes, for example, scrubland-open, sparse, and dense, were grouped to reduce the number of LULC classes termed as aggregated LULC classes, whose sample sizes are shown in Table 2 . The ground-truth data can be downloaded free of charge at the IWMI Data Storehouse Pathway (www.iwmidsp.org).
Spectral bands for class separability
The study evaluated the optimal spectral bands for class separability using Landsat ETM+ data and MODIS time series as described in the following subsections.
Landsat ETM+ spectral bands and class separability
The top-of-atmosphere reflectance values of Landsat ETM+ data for the 15 LULC classes for years 2001 (before irrigation project) and 2003 (after irrigation project) were used to test class separability. The analysis of variance, using the generalized linear model, was used to perform this exercise, and the least squared difference of means was used to distinguish the LULC classes from one another. The statistical package SAS (version 9.3) was used to perform the analysis. Significant statistical differences between the LULC classes were tested at the 90% confidence level. The analysis was performed for each year (2001 and 2003) separately and for the pooled years (2001 and 2003) of the Landsat ETM+. Since the pooled data gave an output similar to that of the single-year analysis, only the pooleddata results are reported. The best bands for separating various LULC classes were identified based on the separability of LULC classes by different techniques.
MODIS time series and class separability
A analysis similar to that given in the previous section was carried out using MODIS time series. The significance of spectral differences between the LULC classes was tested at the 90% confidence level. The MODIS time-series results are discussed for each time point (monthly basis). Through this effort, the timing of the MODIS data in separating LULC classes was identified. The dominant bands associated with the best months were also identified.
LULC classification
The strategy in LULC classification was to classify and separate the 15 distinct (Table 2) LULC classes using class identification and labeling procedures described in Thenkabail et al. (2006; and illustrated in Figure 3A . The Landsat ETM+ data (Table 1) were classified using the iterative selforganizing data analysis technique algorithm (ISODATA) through the unsupervised classification in the ERDAS Imagine software package (Leica Geosystems, 2005) . The spectral properties of classes were analyzed based on their distribution in brightness-greenness-wetness (BGW) tassel cap feature space and spectral curves (Thenkabail et al., 2005) . Each class has been identified and labeled based on its spectral behavior in two-dimensional (2D) and threedimensional (3D) plotting. Classes were identified and labeled based on the ground-truth information, high-resolution images, NDVI plots, and spectral curves (Figure 3) (Thenkabail et al., 2006) . All this information was put together to perform class interpretation. Any change that occurs, even at a single pixel, was tracked by its location in brightness, greenness, and wetness feature space (Thenkabail et al., 2005) . Generally, broad LULC classes were classified using the techniques explained previously.
Resolving mixed classes
Some classes were locally misclassified and intermixed with neighboring classes, and such misclassified pixels were normally identifiable using ground-truth data points where cover types were mapped out of their normal context (Fuller et al., 1998) . For example, the class chena was mixed not only within scrublands as expected but also within some degraded forest areas. Such misclassifications could be removed by contextual correction methods (Groom et al., 1996; Thenkabail et al., 2006) . Such pixels of mixed classes, referred to herein as conflict classes, were selectively filtered out using masking and reclassification of those selected segments ( Figure 3B) . The conflict classes were aggregated to generate a mask file that was then reclassified into 10 clusters to segregate conflict pixels, thereby identifying cropland, scrubland, and a few pixels of degraded forests ( Figure 3B ).
The segregated segment was then merged with the base map. This process of contextual correction was repeated for a number of conflict classes until all classes were properly reallocated to their likely LULC class types (Fuller et al., 1998; Thenkabail et al., 2005) . Lastly, a statistical filter using a 3 × 3 kernel was run to remove unwanted salt-and-pepper effects (Schowengerdt, 1983) . The main reason for this process was to remove excessive noise in the thematic map while retaining the real heterogeneity of the LULC classes (Fuller et al., 1998) . The generalized, initial, disaggregated 250 subclasses were merged to produce the aggregated 15-class LULC map (Figure 4) .
Results and discussions
Spectral characteristics of the LULC classes
To develop spectral properties of the LULC classes, digital values of the satellite images were extracted from seven bands of the Landsat ETM+ data from each 3 × 3 pixel area and signature polygon identified during ground-truthing. These pixels and polygons were selected by plotting the GPS information of the sample sites on the satellite image. The mean spectral values for each LULC class for its corresponding spectral bands were plotted (Figure 5) . Additionally, the same LULC class reflectance values also vary because of their conditions and associations. These spectral properties of the LULC classes were plotted to identify the most sensitive bands.
The mean band reflectance value of all 15 LULC classes ( Table 2 ) was plotted over the spectral range of the Landsat ETM+ image (Figure 5) . Each band shows a variable reflectance value and a corresponding curve of the LULC class properties. Healthy vegetation, such as irrigated croplands, forests, and plantations, has the highest infrared reflectance values, whereas stressed and very scattered vegetation, such as scattered scrubland, fallow lands, and water, has the lowest infrared reflectance values. The reflectivity of 15 LULC classes in various ETM+ spectral bands (Figure 5) is input into the SAS statistical package to assess and identify the most sensitive bands for LULC class separability. A similar procedure was used to identify the most sensitive bands (Figure 6 ) and months (Figure 7 ) in separating LULC classes based on the MODIS 500 m 8-day surface reflectance (first seven bands) (see Table 1 ) and monthly NDVI maximum value composites (MVCs) derived from the 8-day surface reflectance data.
Landsat ETM+ spectral bands separating LULC classes
The seven bands of the Landsat ETM+ data were used to evaluate the most desirable waveband for the LULC class separability, and the results are shown in Table 3 . It was found that the human settlements and barren lands class can be separated from the rice paddy dominant class by any waveband, whereas chena lands can only be separated from the rice paddy dominant class by spectral bands 5 and 6 ( Table 3) .
The most readily separable types of LULC classes using Landsat ETM+ were (Table 3) bare land -fallow fields, chena lands, water body (shallow), human settlements and barren lands, inland water bodies (deep), wetlands (with aquatic vegetation), wetlands (shallow water -marshy), and wetlands (with aquatic vegetation). Fuelwood and multipurpose tree plantations was the least separable LULC class (only separable from eight other LULC classes) using Landsat ETM+ ( Table 3 ). The LULC types that could not be separated from fuelwood and multipurpose tree plantations were rice paddy dominant, home gardens -croplands with orchards, remnant degraded forest, low herbaceous -grass cover, roads-canals, and scrubland (Table 3) . Thermal data (band 6) were found to be the most desirable band in separating waterlogged rice paddy dominant from arid chena lands due to differences in surface temperature (Table 3) , and the spectral waveband 3 (red) was the least effective band of Landsat ETM+ in separating LULC class type. However, one cannot neglect this band to achieve the maximum separability. For instance, the LULC class rice paddy dominant can only be separated from scrubland by spectral band 3 (Table 3; Figure 8 ). Table 3 are summarized, the study highlights the importance of shortwave infrared bands (ETM+ bands 5 and 7) and the thermal band (ETM+ band 6) as the most important bands in LULC class separability (see Figure 8) . Bare land -fallow fields 1, 2, 3, 5, 6, 7 -1, 2, 3, 5, 6, 7 1, 2, 3, 5, 6 1, 2, 3, 5, 6, 7 1, 2, 3, 5, 6, 7 1, 2, 3, 5, 6, 7
When the band occurrences from
Fuelwood and multipurpose tree plantations 1, 2, 3, 5, 6, 7 -5, 6
Home gardens -croplands with orchards 1, 2, 3, 5, 6 -5, 6 3, 4, 6, 7
Chena lands 5, 6 1, 2, 3, 5, 6, 7 5, 6 5, 6 -1, 2, 3, 5, 6, 7 1, 3, 5, 6
Remnant degraded forest 1, 2, 3, 6, 7 1, 2, 3, 5, 6, 7 3, 4, 6, 7 1, 2, 3, 5, 6, 7 -Low herbaceous -grass cover 1, 6 1, 2, 3, 5, 6, 7 3, 4, 6, 7 -Water body (shallow) 1, 2, 4, 5, 6, 7 3, 4, 5, 6, 7 1, 2, 4, 5, 6, 7 1, 2, 4, 5, 6, 7 1, 2, 4, 5, 6, 7 1, 2, 3, 4, 5, 6, 7 1, 2, 4, 5, 6, 7
Roads-canals 1, 2, 3, 5, 6, 7 1 5, 6 1, 2, 3, 5, 6, 7 1, 6
Scrubland 3 1, 2, 3, 5, 6, 7 3, 5, 6 2, 5, 6, 7
Human settlements and barren lands 5 1, 2, 3, 5, 6 1 1 5, 6 1, 2, 3, 6, 7 1
Inland water bodies (deep) 1, 2, 3, 4, 5, 6, 7 1, 2, 3, 4, 5, 6, 7 1, 2, 3, 4, 5, 6, 7 1, 2, 3, 4, 5, 6, 7 1, 2, 3, 4, 5, 6, 7 1, 2, 3, 4, 5, 6, 7 1, 2, 3, 4, 5, 6, 7
Wetlands (with aquatic vegetation) 3, 4, 5, 6, 7 1, 2, 3, 4, 5, 6, 7 1, 4, 5, 6, 7 1, 4, 5, 6, 7 3, 4, 5, 6, 7 1, 4, 5, 6, 7 1, 4, 5, 6, 7
Wetlands (shallow water -marshy) 1, 2, 4, 5, 6, 7 3, 4, 5, 6, 7 1, 2, 4, 5, 6, 7 1, 2, 4, 5, 6, 7 1, 2, 4, 5, 6, 7 1, 2, 3, 4, 5, 6, 7 1, 2, 3, 4, 5, 6, 7
Aquatic vegetation and croplands (mixed) 3, 4, 5, 6, 7 1, 2, 3, 5, 6, 7 5, 6 1, 4, 5, 6, 7 3, 4, 5, 6, 7 1, 2, 5, 6 1, 5, 6
Habitat separability from all Note: The band numbers in each entry within the matrix denote separability between habitat classes. For example, the entry "1, 2, 3, 5, 6, 7" for bare land -fallow field versus rice paddy dominant indicate that the two classes can be separated by Landsat ETM+ bands 1, 2, 3, 5, 6, or 7.
a Most separable classes using Landsat ETM+ data. Bare land -fallow fields, chena lands, water body (shallow), human settlements and barren lands, inland water bodies (deep), water body (shallow), wetlands (with aquatic vegetation), and wetlands (shallow water -marshy)) can be separated from all other habitats by one or more ETM+ bands at the 90% confidence level or higher. b Least separable LULC classes from Landsat ETM+ data. Fuelwood and multipurpose tree plantations can only be separated from eight other habitats (least separable) at the 10% error level. Note: The values in the table indicate separability between habitat classes. For example, the class "water body (shallow)" was separated with significant difference from 14 other LULC classes (see Table 3 ) using MODIS data for December. 
MODIS time series for LULC class separability
MODIS data acquisition month in LULC class separability
The MODIS monthly NDVI MVC time series were used to assess the most desirable month for LULC class separability (month giving maximum separability). The result is shown in Table 4 . The individual LULC classes were tested with all 12 months (January-December 2001). In Table 4 , the water body (shallow) versus the month of December intersection gives a value of 14, meaning that the water body (shallow) is 2, 4, 5, 6, 7 3 5 1, 2, 3, 4, 5, 6, 7 3, 4, 5, 6, 7 1, 2, 4, 5, 6, 7 3, 4, 5, 6, 7 3, 4, 5, 6, 7 1, 2, 3, 5, 6, 7 1, 2, 3, 5, 6, 7 1, 2, 3, 5, 6 1, 2, 3, 4, 5, 6, 7 1, 2, 3, 4, 5, 6, 7 3, 4, 5, 6, 7 1, 2, 3, 5, 6, 7 1, 2, 4, 5, 6, 7 1 1, 2, 3, 4, 5, 6, 7 1, 4, 5, 6, 7 1, 2, 4, 5, 6, 7 5, 6 1, 2, 4, 5, 6, 7 1 1 1, 2, 3, 4, 5, 6, 7 1, 4, 5, 6, 7 1, 2, 4, 5, 6, 7 1, 4, 5, 6, 7 1, 2, 4, 5, 6, 7 5, 6 3, 5, 6 5, 6 1, 2, 3, 4, 5, 6, 7 3, 4, 5, 6, 7 1, 2, 4, 5, 6, 7 3, 4, 5, 6, 7 1, 2, 3, 4, 5, 6, 7 1, 2, 3, 5, 6, 7 2, 5, 6, 7 1, 2, 3, 6, 7 1, 2, 3, 4, 5, 6, 7 1, 4, 5, 6, 7 1, 2, 3, 4, 5, 6, 7 1, 2, 5, 6 1, 2, 3, 4, 5, 6, 7 1, 6 1 1, 2, 3, 4, 5, 6, 7 1, 4, 5, 6, 7 1, 2, 3, 4, 5, 6, 7 1, 5, 6 -1, 2, 4, 5, 6, 7 1, 2, 4, 5, 6, 7 1, 2, 4, 5, 6, 7 1, 3, 4, 7 1, 2, 4, 5, 6, 7 4, 7 1, 2, 4, 5, 6, 7 1, 2, 4, 5, 6, 7 -1 1, 2, 3, 4, 5, 6, 7 4, 5, 6, 7 1, 2, 4, 5, 6, 7 3, 5, 6 1, 2, 4, 5, 6, 7 1 -1, 5 1, 2, 3, 4, 5, 6, 7 1, 4, 5, 6, 7 1, 2, 3, 4, 5, 6, 7 4, 5, 6 1, 2, 4, 5, 6, 7 1, 5 -1, 2, 3, 4, 5, 6, 7 4, 5, 6, 7 1, 2, 4, 5, 6, 7 3, 4, 5, 6, 7 1, 2, 3, 4, 7 1, 2, 3, 4, 5, 6, 7 1, 2, 3, 4, 5, 6, 7 1, 2, 3, 4, 5, 6, 7 -1, 2, 3, 4, 5, 6 1, 2, 3, 7 1, 2, 3, 4, 5, 6, 7 1, 2, 4, 5, 6, 7 4, 5, 6, 7 1, 4, 5, 6, 7 4, 5, 6, 7 1, 2, 3, 4, 5, 6 -1, 2, 3, 4, 5, 6, 7 4, 5, 6, 7 4, 7 1, 2, 4, 5, 6, 7 1, 2, 3, 4, 5, 6, 7 1, 2, 4, 5, 6, 7 1, 2, 3, 7 1, 2, 3, 4, 5, 6, 7 -1, 2, 3, 4, 5, 6, 7 1, 2, 4, 5, 6, 7 3, 5, 6 4, 5, 6 3, 4, 5, 6, 7 1, 2, 3, 4, 5, 6, 7 4, 5, 6, 7 1, 2, 3, 4, 5, 6, 7 - Note: As in Table 3 , the band numbers in each entry within the matrix denote separability between habitat classes using MODIS data for December and for November, May, July, January, April, and June as indicated by the footnotes. one third of the LULC classes give maximum separability between June and July. The most separable LULC classes during these 5 months were water body (shallow), human settlements and barren lands, wetlands (shallow water -marshy), remnant degraded forest, and low herbaceous -grass cover; and fuelwood and multipurpose tree plantations was the least separable LULC class. Thus, maximum separability for all LULC classes can be obtained using these 5 months (Table 4) . Table 5 and Figure 9 show the results of the analysis and highlight the frequency of MODIS spectral bands in LULC class separability. Frequency refers to the number of times that particular band occurs in a 15 × 15 class matrix (out of 225). The MODIS spectral bands 1, 4, and 7 in the month of December were the most effective bands in separating the water body (shallow) class from the human settlements and barren lands class, and spectral bands 1, 5, 6, and 7 were the most sensitive in separating the fuelwood and multipurpose tree plantations class from the wetlands (with aquatic vegetation) class in the month of November (Table 5) .
MODIS spectral bands in LULC class separability
Spectral waveband 7 (centered at 2.130 µm) was the most effective MODIS band in separating the LULC class types studied, and spectral band 3 (centered at 0.469 µm) was the least effective band in separating LULC class type (see Figure 9 ). However, in some instances, such as the LULC class, the remnant degraded forest class can be separated from the roads-canals, scrubland, rice paddy dominant, wetlands (shallow water -marshy), fuelwood and multipurpose tree plantations, and bare lands -fallow fields classes using only band 3 during December (see Table 5 ).
